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Folding in ER 



♦ Oxidative folding, S-S- bonds PDI 
(protein disulfide isomerase) 

♦ Chaperons: Hsp70, hsp90, BiP, Grp94 

♦ cis-trans isomerization of proline imidic 
peptide bonds: peptidylpropyl 
isomerase (PPI) 

♦ Calnexin (binding for unfolded) 

♦ Calreticulin (Ca-binding 

♦ Role of calcium 




Protein Glycosylation in ER 






Finally modification of 
oligosaccharide 
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Oligosaccharide synthesis in ER 
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The carbohydrate precursers of N-linked glycosides are sythesised 
as dolichol phosphate glycosides. 





Pathway of Dolichol-PP-Oligosaccharide Synthesis 
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= Mannose 
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= dolichol 



Golgi Structure: 

A system of cisternae and associated vesicles 



■ Transitional elements or ERGIC 

♦ cis-, medial, trans cisternae 

♦ Trans-golgi network 

- Sorting to: Lysosomes, secretory vesicles, cell 
membrane 

- Vesicles: anterograde and retrograde transport 

- sorts protein to next destination, also a series of 
tubules 

♦ Peripheral scaffold of proteins 

- Support structure consisting of: 

♦ Spectrin, ankyrin, actin 

♦ Golgi Matrix - (mitosis) 




The Golgi Apparatus has 
two major functions: 



1 . Modifies the N-linked 
oligosaccharides and 
adds O-linked 
oligosaccharides. 

2. Sorts proteins so that 
when they exit the trans 
Golgi network, they are 
delivered to the correct 
destination. 




SORTING 

phosphorylation of 
oligosaccharides on 
lysosomal proteins 



removal of Man 



trans 

Golgi 

network 



[Figure 13-29. Molecular Biology of the Cell, 4th Edition. 
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• removal of Man 

• addition of GIcNAc 

• addition of Gal 

• addition of NANA 
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Anabolic Pathways - Nucleotide Biosynthesis 
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Biosynthesis of 
purines and 
pyrimidines, 
monomers of 
nucleotides 
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♦ The folding of a protein should be phenomenally 
complex 

- For a 100 amino acid protein assuming 10 possible 
positions for an amino acid yeilds 10 100 
conformations. Sampled at a rate of 1 00 
femtoseconds per confirmation It takes 1 0 85 s to 
sample all possible conformations or 2.2*1 0 68 times 
the age Of the universe 4.4x10 17 s. 

♦ Actual time proteins take to fold lO MO^s 




Three Classic Models of Protein 



Folding 



♦ 



The Framework model 
proposed that local 
elements of native local 
secondary structure could 
form independently of 
tertiary structure (Kim 
and Baldwin). These 
elements would diffuse 
until they collided, 
successfully adhering and 
coalescing to give the 
tertiary structure 
(diffusion-collision 
model)(Karplus & 
Weaver). 




The classic Nucleation Model 



The classic nucleation 
model postulated that 
some neighboring 
residues in the sequence 
would form native 
secondary structure that 
would act as a nucleus 
from which the native 
structure would 
propagate, in a stepwise 
manner. Thus, the 
tertiary structure would 
form as a necessary 
consequence of the 
secondary structure 
(Wetlaufer). 




The hydrophobic-collapse Model 



The hvdrophobic-collapse 
Model hypothesized that a 
protein would collapse 
rapidly around its 
hydrophobic sidechains 
and then rearrange from 
restricted conformational 
space occupied by the 
intermediate. Here the 
secondary structure would 
be directed by native-like 
tertiary structure (Ptitsyn 
& Kuwajima). 




Unified Nucleation-condensation Scheme 




CI-2 

Little residual structure in D. 

No folding intermediate. 

No fully-formed secondary structure 
in the transition state. 



NUCLEATION-CONDENSATION 

► 

Rate-determining for CI2 




Collapsed state, D 
Barnase and Barstar 




Rate-determining for 
barnase and barstar 

HIERARCHICAL 

ASSEMBLY 

Consolidation of 2° and 3° 
more concerted for barstar 
than barnase 




oom 



Well-defined intermediate with native secondary structure 
Collapsed state has flickering native secondary structure 
Fragments have proportion of native secondary structure 
Extent of formation of preformed structure varies with protein 



It is unlikely that there is a single mechanism for protein folding. 
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ACCIDENTS 



Protein Folding in Cells Occurs in a 
Crowded Environment where Misfolding & 
Aggregation are Favored 





Protein Folding Related Diseases 



Table 1 | Selected members of the 

Clinical Syndrome 

Alzheimer's disease 
Spongiform encephalopathies 
Primary systemic amyloidosis 
Secondary systemic amyloidosis 
Familial amyloidotic polyneuropathy I 
Senile systemic amyloidosis 
Hereditary cerebral amyloid angiopathy 
Haemodialysis-related amyloidosis 
Familial amyloidotic polyneuropathy II 
Finnish hereditary amyloidosis 
Type II diabetes 

Medullary carcinoma of the thyroid 
Atrial amyloidosis 
Lysozyme amyloidosis 
Insulin-related amyloid 
Fibrinogen a-chain amyloidosis 



family of amyloid diseases 

Fibril Component 

Ap peptide, 1-42, 1-43 
Full-length prion or fragments 
Intact light chain or fragments 
76-residue fragment of amyloid A protein 
Transthyretin variants and fragments 
Wild -type transthyretin and fragments 
Fragment of cystatin-C 
p --microglobulin 
Fragments of apolipoprotein A-1 
71 -residue fragment of gelsolin 
Fragment of islet-associated polypeptide 
Fragments of calcitonin 
Atrial natriuretic factor 
Full-length lysozyme variants 
Full-length insulin 
Fibrinogen a-chain variants 




Two Classes of chaperons 

♦ Constitutive - the chaperonins (GroEL/ES) 

♦ Induced by stress - the HSP 




FAMILIES OF MOLECULAR CHAPERONES 



Small heat shock proteins (hsp25) [ holders ] 

• protect against cellular stress 

• prevent aggregation in the lens (cataract) 

Hsp60 system (cpn60, GroEL) ATPase [( un)folders ] 

• protein folding 

Hsp70 system (DnaK, BiP) ATPase [(un)folders] 

• stabilization of extended chains 

• membrane translocation 

• regulation of the heat shock response 
Hsp90 ATPase [ holder ] 

• binding and stabilization/ regulation of steroid receptors, protein kinases 
HsplOO (Clp) ATPase [ unfolder ] 

• thermotolerance, proteolysis, resolubilization of aggregates 
Calnexin, calreticulin 

• glycoprotein maturation in the ER 

• quality control 

Folding catalysts: PDI, PPI [ folders ] 




GroES 



E. coli ^ 
Gro EL^i 
Equatorial 



The thermosome 
from archaebacteria 






Properties of Chaperones 

♦ Molecular chaperones interact with unfolded or partially folded protein 
subunits, e.g. nascent chains emerging from the ribosome, or 
extended chains being translocated across subcellular membranes. 

♦ They stabilize non-native conformation and facilitate correct folding of 
protein subunits. 

♦ They do not interact with native proteins, nor do they form part of the 




Some chaperones are non-specific, and interact with a wide variety of 
polypeptide chains, but others are restricted to specific targets. 

♦ They often couple ATP binding/hydrolysis to the folding process. 

♦ Essential for viability, their expression is often increased by cellular 
stress. 

♦ Main role: They prevent inappropriate association or aggregation of 
exposed hydrophobic surfaces and direct their substrates into 
productive folding, transport or degradation pathways. 




Mechanism of Action of Chaperones 



The precise mechanism is not yet known and may vary with the 
substrate. There are two general ideas. 

1. The chaperone binds to the unfolded form of the protein and 

sequesters it within the central cavity. There it undergoes repeated 
cycles of binding and unfolding until the native form is reached. 



2. The chaperone binds to the unfolded or misfolded form of the 
protein transiently and acts to further unfold it. The protein is 
never held within the central cavity. The protein is continuously 
unfolded and allowed to restart folding until it attains a native fold. 





GroEL allosteric states 




T = tense allosteric state - binds polypeptide 
R = relaxed allosteric state - binds ATP 



GroEL ATPase cycle 
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GroEL-GroES ATPase cycle 
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GroEL-ES in action 
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♦ CkiHTe3 reMa 

♦ CklHTe3 C|D/iaBMHa 

♦ CnHTe3 TeTparnflpoc|DO/iaTa 

♦ CkiHTe3 naHTOTeHOBOki kmc/iotm m CoA 

♦ CkiHTe3 SAM 

♦ CklHTe3 TkiaMMHa 

♦ CkiHTe3 rmpn,qoKca/ifl 

♦ CklHTe3 6k10TMHa 




METABOLISM OF 
COFACTORS AND VITAMINS 
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Heme biosynthesis 
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Protein Science 





Heme biosynthesis 



A: The first cyclic tetrapyrrole uroporphyrinogen III is formed 
from the precursor 5-aminolevulinic acid in three 
enzymatic steps via the intermediates porphobilinogen and 
pre-uroporphyrinogen. Depending on the organism, ALA is 
either synthesized by 

<- condensation of glycine with succinyl-CoA or 

<- from tRNA-bound glutamate via glutamate-l-semialdehyde. 
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FIG. 2. ALA synthesis by ALA synthase or the C 5 pathway. The enzymes of the C 5 pathway and their cofactors are as follows: (a) glutamyl-tRNA synthesis (requires 
Mg- ATP); (b) glutamyl-tRNA reductase [pyridoxal phosphate dependent and requires NAD(P)H]; and (c) glutamate l -semialdehyde aminotransferase. 
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Chlorophyll synthesis in plants 
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Isd-mediated heme-iron uptake in 
S. aureus. 



A 

<sdD \ isdE | isdF \ srtB |/sc/Gl - 

Surface Surface Surface integral Lipoprotein ABC Sorias* Heme 

Prolem Protein Protein Membrane Transporter Oxygenase 

LPQTO LPKTG NPQTN Protein 




Marraffini L A et al. Microbiol. Mol. Biol. Rev. 2006;70:192-221 MiCfObiOlOgy 3nCl MoleCUl3f BiOlOgy ReVieWS 
JOUmBiS.ASM.OrQ Copyright © American Society for Microbiology. All Rights Reserved. 






Biosynthesis of NAD+ and NADP+ : 
A - prokaryotic; B - eukaryotic 



A 



h 2 n v 



nadB 



HOOC 



/ 



CH XOOH 



Aspartate 



B 



NH-> 




COOH 



NH, 



Kynurenine 



o 




OH OH 

Iminoaspartate Quinolinate NaMN 



BNA7 

< 




COOH 



•NH 2 — CHO 

Formylkynurenine 




BNA4 




o nh 2 

i 

NH, 




COOH 



OH 



3-hydroxy-kynurenine 



o 




OH OH 

3-hydroxyanthranylic acid Quinolinate NaMN 




Transport of NAD 
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Riboflavin biosynthesis pathway 



PURINE BIOSYNTHESIS PATHWAY 
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Biosynthesis 
of FMN and 
FAD from 
riboflavin 



FAD is synthesized from 
riboflavin in a two-reaction 
pathway. 

Flavokinase 

phosphorylates the 5'OH 
group to give FMN 

FAD pyrophosphorylase 
catalyzes the next step 
(coupling of FMN to ADP). 



Riboflavin 






Fig. 1 . The PABA biosynthesis pathway in E. coli. PabAand PabB associate to 
form the ADCS complex; PabC (ADC lyase) is a separate enzyme (4). 



Folate biosynthesis in 
bacteria 

Synthesized by bacteria and thus the 
basis of sulfanylamide antibiotics 
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Compartmentation of the folate 
synthesis pathway in plants 




de Crecy-Lagard et al. BMC 
Genomics 2007 8:245 
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Compartmentation of folate-mediated one-carbon metabolism in eukaryotes. 
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Figure I.J^antothena^biosynthetic pathway in 
E. cofi. 

The pathway comprises four different enzymes: 
KPHMT, KPR, ADC and PtS. The genes encoding 
each enzyme are shown in italics. 







Schematic of the plant cell showing location of coenzyme A in different 
organelles and our current understanding of the subcellular distribution of 
pan enzymes. No plant KPR has yet been identified in plants and it is unclear 
whether ketopantoate or pantoate is exported from the mitochondrion. < 1): 
Falk and Guerra (1993) reported that the first committed step to CoA 
biosynthesis, pantothenate kinase, was localised in chloroplasts of spinach; 
(2): CoA can be imported into plant mitochondria by a specific carrier in 
potato (Neuburger et al., 1984). 



KIVA=ketoisovalerate 



The Plant Journal (2004) 37, 61-72 




S-adenosyl methionine (AdoMet, SAM), a powerful 
donor of methyl groups to RNA, DNA, proteins, lipids, 
neurotransmitters, carbohydrates 
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Synthesis of Thiamine through 
phosphorybosylamine (PRA) 





Model depicting the DXP-dependent and -independent pathways of vitamin B6 biosynthesis. 
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